ABSTRACT: Longev~ty and competence were stuhed in planulae of several species of Red Sea soft corals, including the zooxanthellate planulae of Litophyton arboreum, Nephthea sp. and Xenia umbellata, and the azooxanthellate planulae of Parerythropodium fulvum fulvum and Dendronephthya hernprichi. The relationshp between presence of zooxanthellae in the planulae and their competence, longevity and caloric content was examined. Planulae of X. umbellata and D. hemprichi had the longest competency of 76 and 74 d, respectively, planulae of P. f. fulvurn were competent for a maximal period of 64 d, and planulae of L. arboreum and Nephthea sp. showed a similar competency of 57 d. The highest longevity of 155 d was found in planulae of X. umbellata. Planulae of P. f. fulvum, D. hernprichi and L. arboreum had maximum longevities of 76, 81 and 92 d, respectively. No significant differences existed between the competence or longevity of the zooxanthellate and azooxanthellate planulae The ratio of the maximum values of longevity to competency was significantly higher for the zooxanthellate compared to the azooxanthellate planulae. That zooxanthellate planulae survived beyond their competence period might be due to the ability of larvae to utilize photosynthates produced by the zooxanthellae. However, the presence of symbiotic algae in planulae does not necessarily increase competency. The caloric value of 3 d old planulae of P. f. fulvurn was 0.096 t 0.002 cal planula-', and that of 4 d old planulae of X. umbellata was 0.012 * 0.001 cal planula-l. The caloric content of the former decreased with development, but increased in the latter. These results support the assumption that the photosynthates of symbiotic algae contribute to the energetic content of the planulae throughout their life. Considering the competence and longevity of the planulae, it is concluded that they are able to disperse from the southern Red Sea reefs to the degraded reefs of Eilat (northern Red Sea).
INTRODUCTION
The Octocorallia constitute a group of moderate diversity with approximately 2000 species (Bayer 1973) . They can be found from shallow water extending down to the ocean depths. Octocorals of the order Alcyonacea are common throughout the Indo-Pacific region, and hundreds of different species inhabit a range of reef habitats along a wide depth gradient. The early studies of Gohar (1940a, b) on the biology of species of the family Xeniidae in the Red Sea were followed by additional ecological studies on alcyonaceans (e.g. Fishelson 1970 , 1973a , Schuhmacher 1975 , Benayahu & Loya 1977 , 1981 , 1987 , Benayahu 1985 which revealed that alcyonacean soft corals form a major benthic component on the Red Sea reefs and are widely distributed among various habitats.
For many years, sexual reproduction in octocorals was best known for the temperate alcyonacean species
Alcyonium digitaturn (Hartnoll 1975) . The last 2 decades, however, have seen an increase in knowledge of the sexual reproduction of Indo-Pacific alcyonaceans (e.g. Aliiio & Col1 1989, Benayahu et al. 1990 , Benayahu 1991 , 1997 . The findings emphasize the plasticity of the reproductive characteristics of this group. Three modes of reproduction have been described for reef alcyonaceans: internal brooding, external surface brooding of planulae and broadcast spawning (Benayahu et al. 1990) . Planulation is featured by various species of the family Xeniidae (Gohar 1940a , b, Benayahu 1991 as well as by zooxanthellate species of the family Nephtheidae (Benayahu et al. 1992 , Benayahu 1997 ; external surface brooding occurs in several species representing various families (Benayahu et al. 1990 , Coma et al. 1995 ; and broadcast spawning was recorded in the family Alcyoniidae (Babcock et al. 1986 , Alino & Col1 1989 , Benayahu et al. 1990 , as well as in the azooxanthellate Dendronephthya species of the family Nephtheidae (Benayahu 1997) . Some of the zooxanthellate alcyonaceans produce zooxanthellate planulae, such as Xenia macrospiculata (Benayahu & Loya 1984) , X. umbellata (Benayahu et al. 1988) , Litophyton arboreum (Benayahu et al. 1992) and Nephthea sp. (Benayahu 1997) . Others have azooxanthellate planulae, e.g. Parerythropodium fulvum fulvum (Benayahu & Loya 1983) , Sarcophyton glaucum (Benayahu & Loya 1986 ). Clavulana hamra (Benayahu 1989) and Heteroxenia fuscescens (Benayahu et al. 1989a, b) . All of these species acquire their zooxanthellae at a primary polyp stage (Benayahu et al. 1989a) .
For larvae of marine invertebrates, competence is operationally defined as the ability to metamorphose following exposure of the larvae to a demonstrated natural inducer. This definition, while functionally and ecologically appropriate, does not account for the factors and steps which may intervene between initial induction of settlement behavior and subsequent metamorphosis (Coon et al. 1990 ). Larvae become competent to metamorphose at a certain stage of their development which may occur either before their release into the water or, alternatively, after a certain period of planktonic existence (Harrison & Wallace 1990 , Pechenik 1990 ). The abllity to postpone metamorphosis in the absence of suitable conditions may allow larvae to find habitats most likely to support their future survival and successful reproduction (Crisp 1974 , Paige 1988 , Pechenik 1990 , Pechenik & Cerulli 1991 , Walters 1992 . Both metamorphosis and competence have been shown to relate to the energetic content of the larvae (Lucas et al. 1979 , R~ch-mond 1987 , Jaeckle & Manahan 1989 , Pechenik 1990 , Qian et al. 1990 , Harms 1992 , Havenhand 1993 , Jaeckle 1994 . Richmond (1987 Richmond ( , 1989 found a competence period of 100 d for the zooxanthellate planulae of the stony coral Pocillopora damicornis and a shorter period of 21 d for the azooxanthellate planulae of Acropora tenuis. Translocated metabolites from the symbiotic algae have been suggested to extend the competence period, which in turn increases the dispersal period of the planulae (hchmond 1989) . Among soft corals a competency period of at least 60 d was found for the azooxanthellate planulae of Dendronephthya hemprichi (Dahan 1992 ) and of 49 d for the azooxanthellate planulae of Heteroxenia fuscescens (Ben-David-Zaslow & Benayahu 1996) .
We studied the longevity and competency of planulae of several Red Sea soft corals, including zooxanthellate species with zooxanthellate planulae, Litophyton arboreum, Nephthea sp. (family Nephtheidae) and Xenia umbellata (family Xeniidae), a zooxanthellate species with azooxanthellate planulae, Parerythropodium fulvum fulvum (family Alcyoniidae), and the azooxanthellate Dendronephthya hemprichi (family Nephtheidae). We attempted to assess the relationships between the caloric value of planulae, the presence of zooxanthellae in planulae, and the longevity and competency of planulae.
MATERIALS AND METHODS
Collection of corals and planulae. The studied species were collected from the coral reef in front of the Marine Biology Laboratory (MBL) at Eilat (Red Sea) during Apnl 1992 to November 1993. After collection, ca 25 colonies of Xenia umbellata and 8 to 10 branches (10 to 15 cm in length) of Litophyton arboreum, Nephthea sp. and Dendronephthya hemprichi were placed in 15 1 containers supplied with running seawater, at a flow rate of 2 1 min-'. Before sunset the colonies or branches were transferred into aerated 5 l aquaria in the laboratory and examined the following morning for the presence of released planulae or eggs. Spawned eggs and sperm of D. hemprichi were mixed in 5 1 aquaria and the resulting embryos were reared to the planulae stage in aerated 5 1 aquaria (Dahan 1992) . Planulae of the surface brooder Parerythropodium fulvum fulvum were removed from female colonies during their breeding season (Benayahu & Loya 1983) . Planulae obtained from all the 5 species studied were placed in 500 rnl PVC containers, filled with Milliporefiltered (0.45 pm) seawater (FSW), containing Ampicillin at a concentration of 50 pg ml-l. The planulae (1 to 2 d old) were transported to Tel-Aviv, Israel, for further experiments, all conducted in natural Red Sea water in a controlled temperature room, corresponding to the ambient seasonal Red Sea temperature (21 to 26°C). The light regime followed dayhight cycles (400 to 700 nm). The availability of planulae throughout the study period dictated the number of planulae tested and number of replications (see below).
Natural settlement of planulae. Determination of the precompetent period of the planulae preceded the competence experiments. For this purpose in July, August and September 1992 batches of fresh planulae of the 5 studied species were placed in aquaria at the MBL, each with 5 1 of sea water (26°C) with natural reef substrata (fragments of dead Stylophora pistillata colonies freshly collected from the reef). The experiments were carried out with the following total numbers of planulae for all the replications: Parerythropodium fulvum fulvum 500 (n = 3), Dendronephthya hempnchi 200 (n = l ) , Litophyton arboreum 180 (n = 2), Nephthea sp. 326 (n = 4 ) , and Xenia umbellata 795 (n = 2). Settlement and metamorphic events of these planulae were monitored every 2 to 4 h during the first 2 to 3 d, and then every 3 to 5 d for a total period of 17 to 20 d. Planulae were considered to initiate metamorphosis only after they had settled and developed a mouth and tentacular buds.
Competence of the planulae. In Tel Aviv the 1 to 2 d old planulae of all studied species were washed 3 times with FSW to remove organic debris before being placed in batches of up to 250 planulae in Erlenmeyer flasks containing 300 m1 FSW with Ampicillin (50 ~i g ml-l). A m p i c~n in FSW enabled survival of the planulae for the longest possible period, preventing settlement and metamorphosis due to possible induction by bacteria (Ben-David-Zaslow & Benayahu 1996) . Planulae samples were taken from the above-mentioned batches at 3 to 5 d intervals, and the Ampicillin treatment was terminated by washing them 3 times with FSW to remove residual antibiotics. They were then placed in 24-well tissue-culture plates in groups of 10 planulae, with each well containing 2.5 rnl FSW. The number of planulae that underwent metamorphosis in each time interval was recorded, thus enabling determination of competency. The longest competence period recorded for planulae of each species was defined as the maximal competency. The experiments were run for each of the studied species on different dates during their respective breeding seasons. For the number of planulae used on each date see 'Results'.
Longevity of the planulae. Longevity of planulae was examined for all species except Nephthea sp. Planulae were maintained similarly to the procedure described above for the competence experiments. They were transferred to new flasks with fresh FSW containing Ampicillin every 2 to 3 d, and the number of planulae s u~v i n g was measured every 5 d, thus enabling determination of longevity. For the number of planulae used on each date see 'Results'.
Calorimetric analysis. The determination of caloric content as a function of age was performed for the azooxanthellate planulae of Parerythropodium fulvum fulvum and the zooxanthellate Xenia umbellata. We analyzed 2 batches of X. umbellata, each with 250 planulae, at ages 4, 11, 35, 55 and 66 d and 2 batches of P. f. fulvum, each with 300 planulae, at ages 2, 4, 11 and 24 d as dictated by availability of planulae. Calorimetry was performed with a Phllhpson Microbomb Calorimeter. Calibration curves were calculated using benzoic acid samples (Scott & Marlow 1982) . Because ash level was less than 2% dry weight, dry weight was considered equivalent to ash-free dry weight for the planulae.
RESULTS

Natural settlement of planulae
Onset of metamorphosis was observed in 1 to 2 d old planulae of Parerythropodjum fulvum fulvum (Fig. l a ) that gradually developed into primary polyps (Fig. lb) . Similarly, planulae of Litophyton arboreum (Fig. lc) and Nephthea sp. (Fig. Id) metamorphosed at 1 to 2 d of age. The planulae of Dendronephthya hempnchi (Fig. l e ) and Xenia umbellata (Fig. If) started to metamorphose after 2 to 3 d. After 17 to 20 d the following average percentages of metamorphosed planulae were recorded: P. f. fulvun? 57.6 + 2.9 (n = 3), D. hemprichi 59 (n = l ) , L. arboreum 53.7 * 9.6 (n = 2), Nephthea sp. 81.5 * 7.7 (n = 4), and X. umbellata 53.3 k 4.5 (n = 2).
Competence of the planulae Competence of the studied planulae to metamorphose was calculated on each date from the percentage undergoing metamorphosis with time (Fig. 2) . The inhibitory effect of the Ampicillin caused a time lag and hence metamorphosis began in the different species 5 to 20 d after termination of the antibiotic treatment. Planulae of Xenia umbellata and Dendronephthya hemprichi had the longest competence periods, 76 and 74 d, respectively (Fig. 2) . Planulae of Parerythropodium fulvum fulvum were competent for 64 d, and planulae of Litophyton arboreum and Nephthea sp. showed a similar maximal competence period of 57 d. There was no significant difference between the maximal competence of the zooxanthellate and azooxanthellate planulae (t-test, p > 0.05). In these expenments the average maximal percentage of metamorphosed planulae varied among species and ranged between a lowest value of 37 * 14 in X. umbellata and a highest value of 86 3 in P. f. fulvum (Fig. 2) .
Longevity of the planulae
The survivorship curves for the various batches of planulae are shown in Fig. 3 . Planulae of Xenia umbellata had the highest longevity of 155 d and survived even when they became morphologically abnormal, demonstrating irregular shapes, blisters and other abnormalities (Fig. l g ) . Abnormalities occurred in all planulae batches of X , umbellata after around 75 d. The other examined species, Parerythropodium fulvum fulvum, Dendronephth ya hemprichi and Litophyton arboreum, had maximal longevity periods of 76, 81 and 92 d respectively (Fig. 3) . There was no significant difference between the average survivorship values of the zooxanthellate and azooxanthellate planCalorimetric analysis ulae (t-test, p > 0.05). In these experiments, time to 50% mortality of the different planulae ranged beThe caloric value of 3 d old planulae of Parerythrotween 11 d (P. f. fulvum, 15 Jul 1992 experiment) and podium fulvum fulvum was 0.096 ? 0.002 cal planula-' 72 d (X. umbellata, 30 Sep 1992 experiment) (Fig. 3) .
(n = 2, 250 planulae per replication) a n d for 4 d old The caloric contents of X, umbellata planulae decreased after Day 35 (Fig. 4) .
DISCUSSION
The onset of metamorphosis did not occur immediately upon release, but began 1 to 3 d later in all the studied species. These results correspond to previous findings on planulae of other alcyonaceans (Sebens 1983 , Farrant 1986 , Alino & Col1 1989 , Lasker & Kim 1996 and scleractinians (Harrison & Wallace 1990) , showing a precompetent period of a few days. Planulae of the soft coral Heteroxenia fuscescens, however, lack a pre-competent period (Ben-David-Zaslow & Benayahu 1996) and thus differ from the others. The effective dispersal period for propagules depends on the time span that larvae require to become competent and on the time that passes before the competent larvae encounter the stimuli necessary to initiate their metamorphosis (Pechenik 1990) . Hence, we propose that soft corals with longer pre-competent periods may have a more effective dispersal capability from their parent colonies. The current results indicate that there is no significant difference between the competence period of the zooxanthellate and azooxanthellate planulae. This differs from results obtained for scleractinian corals, which indicate higher competency for zooxanthellate planulae (Richmond 1987 (Richmond , 1989 . Planulae with a longer competence period, such as Xenia umbellata (76 d The maximum longevity and competence periods for planulae of the studied species (Figs. 2 & 3) are presented in Table 1 along with those of Heteroxenia fuscescens (Ben-David-Zaslow & Benayahu 1996). In order to quantify possible differences between zooxanthellate and azooxanthellate planulae we calculated the ratio of maximum survival to maximum competence for each species. The comparison between the 2 larval groups was found to be significant (t-test, p < 0.05; Table 1 ). The azooxanthellate planulae survived for only a few days after their competency terminated and thus have a low ratio of longevity to competence. However, the zooxanthellate planulae survived longer and therefore show a greater value for this ratio, as demonstrated by Xenia umbellata whose planulae survived for the longest period of 155 d, but which had a competence period of only 76 d (Figs. 2 & 3 , Table 1 ).
It is well documented that in zooxanthellate anthozoans photosynthetically fixed carbon passes into the host tissue (e.g. Tytler & Spencer-Davies 1986). This energy resource might also be available to the sexual progeny of a symbiotic host, as found for the veligers of the giant clam Tndacna gigas and the bivalve Hippopus hippopus. These larvae have a higher growth rate in the presence of zooxanthellae compared to larvae held in isolation with no symbionts (Fitt et al. 1986 ). Zooxanthellate planulae of scleractinian corals gain photosynthetic energy from their own symbionts (Richmond 1987 (Richmond , 1989 . Thus, we suggest that the photosynthates available to zooxanthellate planulae enable them to survive beyond their competence period, even after they lose their normal morphology (Fig. lg) . However, our results indicate that the presence of symbiotic algae in the planulae does not necessarily increase their competency.
Since most of the studies on longevity and competence periods of marine larvae have been carried out in the laboratory (Pechenik 1990) , the results may not reflect behavior in the natural environment. In projecting from estimates of dispersal capabilities, it is necessary to consider the behavior of the planulae. Jackson (1986) claimed that planulae of brooding scleractinian corals swim for much shorter periods than those of broadcasters. Many brooded planulae never swim but rather crawl on bottom reef-surfaces, and thus their dispersal is limited (Benayahu & Loya 1983 , Benayahu 1989 , Harrison & Wallace 1990 . However, since in the present study all planulae were kept under identical experimental conditions, we presume that any variation in the competence and longevity among the species may also exist under the natural reef-environment conditions.
Studies of competence and longevity of larvae in relation to their energetic content (Lucas et al. 1979 , Richmond 1987 , Jeackle & Manahan 1989 , Pechenik 1990 , Qian et al. 1990 , Harms 1992 , Havenhand 1993 , Jaeckle 1994 , Pechenik et al. 1996 have emphasized the importance of stored energy for dispersal. There is a variability in orders of magnitude among the energetic content of freshly released planulae of Xenia umbellata: 0.012 + 0.001 cal planula-l, Parerythropodium fulvum fulvum: 0.096 + 0.002 cal planula-' (this study) and Heteroxenia fuscescens: 0.58 + 0.05 cal planula-' (Ben-David-Zaslow & Benayahu 1996) . These caloric values indicate the lowest maternal energetic investment in zooxanthellate compared to azooxanthellate planulae. The caloric content of the zooxanthellate planulae of X. umbellata initially increased, Fig. 4 ; Ben-David-Zaslow & Benayahu 1996) . The caloric content of X. umbellata planulae started to decrease from Day 35 of their release (Fig. 4) , at the same time that most of the planulae stopped being competent to metamorphose (Fig. 2) . Planulae of H. fuscescens have a short competency period (49 d) compared to X. umbeUata (76 d) and P. f. fulvum (64 d) ( Table 1) . Our results lead us to suggest that the symbiotic algae may contnbute significantly to the energetic content of the planulae in the course of the first period of their Life, but do not necessarily increase their competency. In order to answer further questions related to the significance of temporal changes in the energetic content of planulae, and their relation to the dispersal capabilities of a given species, further physiological studies are required.
This study provides for the first time a comparative data set on longevity and competence in planulae of various soft corals, which determines the dispersal potential of the species. Due to anthropogenic disturbances at Eilat (e.g. oil and phosphate pollution and increased tourism activities) the reefs have become degraded (Fishelson 1973b , Loya 1975 , Rinkevich & Loya 1977 and rates of recruitment of both scleractinian and soft corals are low. Alcyonacean soft corals constitute a dominant group of organisms on the northern Red Sea reefs (Benayahu & Loya 1977 , 1981 . Given the prevailing current regime in the Gulf of Eilat (A. Genin pers. comm.), larvae are advected from the southern Red Sea reefs to Eilat and other northern areas within a period of a few weeks. The results of the present study indicate that soft coral planulae derived from the reefs of the southern Red Sea will be competent on arrival at the Eilat reefs and may recruit there. 
